Paratrichaptum accuratum is a large conspicuous polypore fungus growing on dead or living angiosperm trees in subtropical-boreal areas of China, Indonesia, Japan, and Taiwan. The present study places P. accuratum in the family Gloeophyllaceae that belongs to the order Gloeophyllales within Agaricomycetes (Basidiomycota), based on evidence derived from morphological and ecological characteristics, and phylogenetic analyses of sequences of nuclear rDNA regions (5.8S, nuc 18S, nuc 28S) and protein-coding genes (rpb1, rpb2, and tef1). The analyses presented in this study also give strong support for including Jaapia in Gloeophyllaceae and Gloeophyllales. Thus, the names Jaapiaceae and Jaapiales are considered here as synonyms of Gloeophyllaceae and Gloeophyllales. Since Paratrichaptum represents the earliest diverging lineage in Gloeophyllales, pileate basidiocarps and brown rot appear to be ancestral states of Gloeophyllales. Paratrichaptum accuratum may represent a relic species, according to its phylogenetic position, peculiar distribution pattern and rare occurrence.
INTRODUCTION
The genus Paratrichaptum was described by Corner (1987) to accommodate a monotypic species, P. accuratum, a large conspicuous wood-inhabiting polypore fungus. This genus is characterised by a peculiar combination of morphological features. In macromorphology, it has a pileate and sessile basidiocarp that is soft-corky and spongy in the fresh condition, poroid to daedaleoid hymenophore, and brown tubes and context. Microscopically, it possesses a monomitic hyphal system, nodose-septate generative hyphae, fasciculate cystidia, and pale brown and smooth basidiospores with thin to slightly thick walls, which have a negative reaction in Melzer's reagent. Such a combination is fairly peculiar within the polypore fungi, sustaining its position as a distinct genus (Ryvarden 1991) .
Paratrichaptum accuratum is hitherto known only from Asia (Ryvarden, 1991 , Núñez & Ryvarden 2001 where it grows on hardwoods (Corner 1987 , Núñez & Ryvarden 2001 . The holotype was collected from a highland forest of Sumatra (Indonesia), 56 years before Corner's (1987) description. Recently, this species was discovered in subtropical to boreal regions of Japan (Hokkaido, Kagoshima, Nara, Yamagata) based on four specimens collected between 1989 and 1994 (Núñez & Ryvarden 2001 , Hattori 2017 . Núñez & Ryvarden (2001) reported this species from Taiwan based on a specimen collected in 1922.
According to MycoBank (Robert et al. 2005) , P. accuratum is placed in the family Schizoporaceae, in the order Hymenochaetales. However, this placement was never examined through molecular phylogenetic analyses since sequence data related to this species are lacking. In 2017, two specimens of Paratrichaptum accuratum were collected during a field trip in southern Yunnan (China) , which enabled us to study the higherrank classification for this species.
To infer the placement of Paratrichaptum accuratum within Agaricomycetes, the present study conducted phylogenetic analyses based on sequences of nuc rDNA genes and three protein-coding genes. The results allowed us to discuss the limits of the orders Gloeophyllales and Jaapiales.
MATERIALS AND METHODS

Morphological studies
Voucher specimens are deposited at the herbaria of the Kunming Institute of Botany, Chinese Academy of Sciences of PRC (KUN), the Botanical Museum, University of Oslo of Norway (O), the Forestry and Forest Products Research Institute of Japan (TFM), and the National Museum of Natural Science of ROC (TNM). Abbreviations of herbaria follow those in the Index Herbariorum (http://sweetgum.nybg.org/science/ih/). Basidiocarps and the native habitat were photographed with an Olympus TG-4 or a Nikon D5300 digital camera. All microscopic characters were examined from dried specimens with a Leica DM2500 microscope. 5 % Potassium hydroxide (KOH) with 1 % phloxine was used for observation and measurement. Melzer's reagent was used to determine amyloidity and dextrinoidity. Cotton blue (Fluka 61335) was used as a mounting medium to check cyanophily. The following abbreviations were used for basidiospore measurements: L = mean basidiospore length with standard deviation, W = mean basidiospore width with standard deviation, Q = variation in L/W ratio, n = number of measured basidiospores from each specimen.
DNA extraction, PCR amplification, and DNA sequencing
Genomic DNA was extracted from dried specimens using a Plant Genomic DNA Extraction Miniprep System (Viogene, New Taipei, Taiwan), based on manufacturer's instructions. The sample was first homogenised with the aid of liquid nitrogen and a Tissue Lyser II (Qiagen, Hilden, Germany). We used primer pairs ITS1/ ITS4 for nuc rDNA ITS1-5.8S-ITS2 (nuc ITS); PNS1/NS8 for nuc 18S rDNA (nuc 18S) (White et al. 1990 ); LR0R/LR5 for D1-D2 domains of nuc 28S rDNA (nuc 28S) (Moncalvo et al. 2000) ; RPB1-Int2f/ RPB1-Cr for RNA polymerase II largest subunit (rpb1) (Frøslev et al. 2005) ; RPB2-f5F/RPB2-b7.1R for RNA polymerase II second largest (rpb2) (Liu et al. 1999 , Matheny 2005 ; EF1-983F/EF1-1953R for translation elongation factor 1-α (tef1) (Rehner & Buckley 2005) . The PCR conditions to amplify ITS, nuc 18S and nuc 28S gene regions were as follows: initial denaturation at 95 °C for 5 min, followed by 40 cycles at 94 °C for 45 s, 53 °C for ITS and 50 °C for the nuc 18S and nuc 28S for 45 s and 72 °C for 45 s and a final extension of 72 °C for 10 min. The protocols for amplifying rpb1, rpb2, and tef1 were performed as described in Chen et al. (2018) . The PCR products were purified and sequenced by the MB Mission Biotech Company (Taipei, Taiwan). The newly obtained sequences were edited and assembled using BioEdit v. 7.2.5 (Hall 1999) , and submitted to the DNA Data Bank of Japan (DDBJ) ( Table 1) .
Sequence alignments and phylogenetic analyses
The dataset of concatenated 5.8S+nuc 18S+nuc 28S+rpb1+rpb2 +tef1 was used to investigate the systematic position of Paratrichaptum accuratum among 21 recognised orders of the class Agaricomycetes. Since P. accuratum was recovered near the orders Gloeophyllales and Jaapiales based on our preliminary phylogenies, sequences from species belonging to these two orders were selected as candidate references (Binder et al. 2010 , Garcia-Sandoval et al. 2011 , He et al. 2014 , Telleria et al. 2015 . For other representative species from Agaricomycetes, as well as representatives of Dacrymycetes and Tremellomycetes, we consulted studies of Lutzoni et al. (2004) , Hibbett et al. (2007) , Matheny et al. (2007) , Hodkinson et al. (2014) , Sjökvist et al. (2014) , and Zhao et al. (2017) . Bullera alba and Dioszegia antarctica, belonging to Tremellomycetes, were selected as the outgroup.
All intron regions of protein-coding genes (rpb1, rpb2, and tef1) and non-coding nuc rDNA were omitted. Sequences of each single-gene dataset were aligned with MAFFT v. 7.409 (Katoh & Standley 2013) , using the default algorithm. Poorly aligned regions were detected by GUIDANCE2 webserver (Sela et al. 2015) , and manually adjusted with MEGA v. 7 (Kumar et al. 2016) , when necessary. Maximum likelihood (ML) analyses were performed for each gene with RAxML-HPC BlackBox v. 8.2.10 (Stamatakis 2014) on CIPRES Science Gateway (Miller et al. 2010) , using 500 bootstrap (BS) replicates and the default GTR+G model. A conflict between two genes was assumed to happen when a monophyletic clade was supported with BS ≥ 70 % in a single tree but was contradicted with significant support in another (Hillis & Bull 1993) . Congruence among genes was visually compared. Conflict-free alignments were concatenated and subjected to subsequent analyses. Sequence alignments are deposited at TreeBASE (submission ID: S24457; www.treebase.org).
Partitioned ML and Bayesian inference (BI) analyses were carried out for the concatenated dataset, respectively, with RAxML-HPC2 v. 8.2.10 (Stamatakis 2014) and MrBayes v. 3.2.6 (Ronquist et al. 2012 ), on CIPRES Science Gateway (Miller et al. 2010) . ML analysis was run for 1 000 bootstrap (BS) replicates with the GTR+CAT model. For BI analysis, we used the GTR+G model for 5.8S and the GTR+I+G model for nuc 18S, nuc 28S, rpb1, rpb2, and tef1 as selected by jModeltest v. 2.1.10 (Darriba et al. 2012) , based on the Akaike information criterion (AIC). BI analysis was conducted for four runs with four chains each for 10 M generations, sampling one tree every 1 000 generations. The first 25 % of trees were discarded as burn-in. Remaining trees were used to construct a 50 % majority-rule consensus phylogram with Bayesian posterior probabilities (PP). Tracer v. 1.7 (Rambaut et al. 2018 ) was used to confirm that the average standard deviation of split frequencies (= 0.006589) had reached an appropriate level with Effective Sampling Sizes (ESS) > 200. TreeGraph v. 2 (Stöver & Müller 2010) and Adobe Illustrator (Adobe Systems, Inc.) were used to edit and visualise resulting trees.
RESULTS
Molecular phylogeny
In this study, we generated new sequences of six genes (5.8S, nuc 18S, nuc 28S, rpb1, rpb2, tef1) from two specimens of Paratrichaptum accuratum (Table 1 ). The 5.8S+nuc 18S+nuc 28S+rpb1+rpb2+tef1 dataset included 96 species and 97 sequences. The final alignment had 7 181 positions, including gaps, of which 38 % (2696/7181) were parsimony-informative. Phylograms obtained from BI and ML analyses had similar topologies, and, thus, only the ML tree with BP and PP support values is shown (Fig. 1) .
In our six-gene phylogenetic analysis, three classes, Agaricomycetes, Tremellomycetes and Dacrymycetes, were resolved as monophyletic clades with BP = 93-100 and PP = 1. Sequences of two specimens of Paratrichaptum accuratum were almost identical. They, together with Boreostereum radiatum, formed a basal lineage in Gloeophyllales (Fig. 1) . Jaapia was recovered in Gloeophyllales (Fig. 1) , which makes Jaapiales a synonym of Gloeophyllales. Of the 20 currently recognized orders in the Agaricomycetes, 19 were monophyletic (Agaricales, Amylocorticiales, Atheliales, Auriculariales, Boletales, Cantharellales, Corticiales, Geastrales, Gloeophyllales, Hymenochaetales, Hysterangiales, Lepidostromatales, Phallales, Polyporales, Russulales, Sebacinales, Stereopsidales, Thelephorales, and Trechisporales), with BP = 81-100 and PP = 1; only Gomphales lacked support ( Fig. 1 ). Notes: Jaapiales is placed here in synonymy with Gloeophyllales based on our phylogram (Fig. 1) . Gloeophyllales, including a single family Gloeophyllaceae, mostly accommodates polypore genera (e.g., Gloeophyllum, Griseoporia, Heliocybe, Hispidaedalea, Paratrichaptum, Neolentinus, and Osmoporus) , and some agaricoid (e.g., Heliocybe and Neolentinus) and corticoid genera (e.g., Boreostereum, Chaetodermella, Jaapia, and Veluticeps).
The concept of Gloeophyllales is in agreement with Hibbett et al. (2007) but expanded to encompass the genus Jaapia with pigmented, narrowly fusoid, and cyanophilous basidiospores. Almost all genera in Gloeophyllales cause brown rot, except for Boreostereum and Jaapia for which rot type remains unclear. Boreostereum is possibly associated with white rot (Martin & Gilbertson 1980) but also viewed as brown rot (Chamuris 1988) ; Jaapia may belong to a new type of brown rot based on genomic analyses (Riley et al. 2014 Type genus: Gloeophyllum.
Note: The names Boreostereaceae and Jaapiaceae are considered here as synonyms of Gloeophyllaceae based on our phylogram (Fig. 1) .
Paratrichaptum Corner, Nova Hedwigia, Beih. 86: 136. 1987 .
Type species: Paratrichaptum accuratum.
Basidiocarps pileate, sessile. Pilei yellowish brown to dark brown, applanate to triquetrous. Pore surface grey to pale purplish grey when fresh, turning to brown to blackish brown when dry; pores angular to daedaleoid, with thick dissepiments. Hyphal system monomitic in both context and trama. All hyphae nodoseseptate, branching from the clamp. Context hyphae yellowish brown, thick-walled. Tramal hyphae yellowish brown, thickwalled. Cystidia fasciculate, thick-walled. Basidia subclavate to clavate, pale yellowish brown, thin-to slightly thick-walled, with two to four sterigmata. Basidiospores broadly ellipsoid to ellipsoid, pale brown, thin-to slightly thick-walled, smooth, inamyloid, non-dextrinoid, acyanophilous. Corner, Nova Hedwigia, Beih. 86: 136. 1987. Figs 2, 3. Typus: Indonesia, Sumatra, Brastagi, alt. 2 000 m, on a dead fallen trunk in montane forest, 15 Sep. 1931, E.J.H. Corner, holotype (E?) .
Paratrichaptum accuratum
Basidiocarps probably perennial, broadly sessile, pileate, solitary, soft-corky and spongy when fresh, corky and light in weight when dry, without odour, temporarily becoming black in KOH in all parts of the fruiting body. Pilei applanate to triquetrous, semicircular, projecting up to 14 cm, up to 28 cm wide and up to 15 cm thick at base. Pileal surface yellowish brown to dark brown, glabrous to velutinous, covered by mosses in old specimens; margin obtuse when young, sharper with age. Pore surface grey to pale purplish grey when fresh, turning to brown to blackish brown when dry; pores angular to irregular when young, becoming daedaleoid with age, 0.5-1.5 per mm, dissepiments thick, entire and sterile; single pores up to 1 cm long and 2 mm wide when daedaleoid. Tubes brown, corky, up to 1.5 cm deep, tube layers distinct, new layer successively grow from the dead ones. Context, dark brown, corky, fibrous, up to 6 cm thick, homogeneous. Hyphal system monomitic in both context and trama. All hyphae nodose-septate, branching from the clamp. Context hyphae yellowish brown, fairly straight, occasionally branched, 5-7.5 μm diam, with 0.5-1 μm diam thick walls, loosely interwoven. Tramal hyphae yellowish brown, fairly straight, occasionally branched, 2.5-5.5 μm diam, with 0.5-1 μm diam thick walls, loosely interwoven. Cystidia cylindrical to subclavate, with obtuse apex, straight to slightly flexuous, fasciculate, projecting, pale brown to yellowish brown, 30-90 × 3-6 μm, with 0.5-1 μm diam thick walls. Basidia subclavate to clavate, usually with four sterigmata, rarely with two or three sterigmata, pale brown, thin-to slightly thick-walled, with 0.2-0.4 μm diam walls, 20-34 × 4-5.5 μm. Basidiospores broadly ellipsoid to ellipsoid, pale brown, thin-to slightly thick-walled, with 0.2-0.4 μm thick walls, smooth, sometimes with small oildrops, inamyloid, non-dextrinoid, acyanophilous, mostly 3.4-4.9 × 2.4-3.2 μm. (3.1-)3.4-4.4(-5.2) × (2.1-)2.4-3(-3.5) μm, L = 3.9 ± 0.5 μm, W = 2.7 ± 0.3 μm, Q = 1.45 (n = 30) (GC 1708-180); (3.2-)3.6-4.6(-5.1) × (2.2-)2.4-2.9 (-3.3) μm, L = 4.1 ± 0.5 μm, W = 2.7 ± 0.3 μm, Q = 1.54 (n = 30) (GC 1708-183); (3.5-)4-4.9 (-5.3) × (2.4-)2.6-3.2(-3.6) μm, L = 4.4 ± 0.4 μm, W = 2.9 ± 0.3 μm, Q = 1.53 (n = 30) (TFM F-17203).
Distribution: Asian species. First described from a highland forest in Indonesia (Sumatra) (Corner 1987) , later reported from subtropical to boreal regions of Japan (Hokkaido, Kagoshima, Nara, Yamagata), Taiwan (Núñez & Ryvarden 2001 , Hattori 2017 , and China (Yunnan, this study).
Ecology: On dead or living angiosperm trunks in old-growth forest, occurring in August to October (Corner 1987 , Hattori 2017 .
Type of rot: Brown rot (Hattori 2017).
Specimens examined: China, Yunnan Province, Wenshan Zhuang and Miao Autonomous Prefecture, Maguan County, Gulinjing Township, 22°51'33" N 104°00'25" E, alt. 1 772 m, on living angiosperm trunk, 9 Aug. 2017 , C.C. Chen, GC 1708 ; 22°51'34"N 103°59'36"E, alt. 1 895 m, on living angiosperm trunk in a subtropical evergreen broad-leaved forest dominated by Alcimandra, Lithocarpus and Manglietia, 9 Aug. 2017, C.C. Chen, GC 1708-180 (KUN HKAS104962 & TNM F32584) . Japan, Nara Prefecture, Mt. Wasamata, 30 Aug. 1994, N. Iwata (TFM F-17203) . Taiwan, 25 Sep. 1922, R. Kanehira (miswritten as A. Kanehira on specimen label, Fig. 2H ) (O-F-911778).
Notes: Paratrichaptum accuratum was described based on a single specimen (Corner 1987) . Hattori (2001) , as well as this study, failed to trace the holotype or other original material of P. accuratum deposited in the herbarium of Royal Botanic Garden Edinburgh (E). Instead, we studied some specimens from China, Japan, and Taiwan. The peculiar combination of morphological features makes P. accuratum easy to identify. Our studied specimens correspond well with Corner's (1987) descriptions and illustrations for this species, although some minor differences were noticed. First, the basidiocarp tissue of P. accuratum temporarily turns black in KOH, which was not mentioned in the protologue. Second, the species was reported as annual (Corner 1987 ). However, one of our specimens (GC 1708-180) developed a new tube layer successively growing from old ones ( Fig. 2B-E) . Third, we found some mature basidiospores of P. accuratum that are of a slightly darker colour and with thicker walls (Fig. 3E) .
A Taiwanese specimen of P. accuratum (O-F-911778), collected on 25 September 1922 by the Japanese botanist R. Kanehira, lacks detailed location information (Fig. 2H ). However, we presume it is likely collected from montane areas near to Lala Mountain, Taoyuan, because he made a field trip to Lala Mountain during the same period according to plant specimen records retrieved from the online database of TAIF (http://taif. tfri.gov.tw/search.php). Lala Mountain area lies in the warm temperate region, within the native range of P. accuratum.
DISCUSSION
The present study places Paratrichaptum in the family Gloeophyllaceae (Gloeophyllales, Agaricomycetes) based on studies derived from morphological features and phylogenetic analyses of sequences of six genes (Figs 1-3 ). Our study also shows that a corticoid genus Jaapia with two species (viz., J. argillacea and J. ochroleuca) is classified in Gloeophyllaceae and Gloeophyllales according to phylogenetic evidence (Fig. 1) , although Jaapia was placed in the family Jaapiaceae and the order Jaapiales by Binder et al. (2010) . As a result, Jaapiaceae and Jaapiales become synonyms of Gloeophyllaceae and Gloeophyllales, respectively.
Regarding the family-level classification of Gloeophyllales, we unite all taxa in a single family (viz., Gloeophyllaceae) because the resolution of the six-gene phylogeny and taxon sampling are not enough to resolve the family relationships at the moment. Nevertheless, the possibility to recover the families Boreostereaceae and Jaapiaceae, or even to introduce a new family for Paratrichaptum cannot be excluded when data from whole-genome studies become available.
The topology of our six-gene phylogram (Fig. 1) is consistent with previous studies (Binder et al. 2010 . However, deviating taxon-or gene-sampling applied to different analyses may result in different positions of the taxa on trees. For example, a six-gene phylogeny placed Boreostereum radiatum as the sister group to the core group of Gloeophyllales, consisting of the genera Chaetodermella, Gloeophyllum, Heliocybe, Neolentinus, Osmoporus, and Veluticeps (Garcia-Sandoval et al. 2011) . In our analysis, B. radiatum is recovered as a sister taxon to Paratrichaptum accuratum, but the position is weakly supported. Another six-gene phylogeny placed Jaapia as the sister group to Agaricomycetidae, consisting of Agaricales, Amylocorticiales, Atheliales, and Boletales (Binder et al. 2010) , whereas in our analysis Jaapia is placed in Gloeophyllales.
Paratrichaptum represents the earliest diverging lineage in Gloeophyllales, yielding a new picture of this order. For example, with the addition of Paratrichaptum, pileate basidiocarps and brown rot appear to be ancestral states of Gloeophyllales. Besides, brown rot could be synapomorphic in Gloeophyllales, although the rot type of Boreostereum and Jaapia should be further confirmed. Moreover, genera from the basal lineages of Gloeophyllales (Boreostereum, Jaapia, and Paratrichaptatum) possess pigmented basidiospores, while the rest of the members of Gloeophyllales possess colorless basidiospores. Like most members of Gloeophyllales, Paratrichaptum has brownish context but lacks dimitic to trimitic hyphal system, and posesses clamp connections. There is no morphological synapomorphy to unite Gloeophyllales.
Paratrichaptum accuratum may represent a relic species, according to its phylogenetic position, peculiar distribution pattern and rare occurrence. On the phylogram (Fig. 1) , P. accuratum does not have any close relatives and has relatively long genetic distances from other members in Gloeophyllales. Very few collections of P. accuratum were made since 1922. According to available collection information, P. accuratum occurs in oldgrowth subtropical-boreal forests in some disjunct mountain areas of eastern and south-eastern Asia. Paratrichaptum accuratum is a threatened species and its conservation status should be assessed based on the criteria in Dahlberg & Mueller (2011) . Paratrichaptum accuratum grows on dead or living angiosperms, which implies that it presumably colonises living trees and continues to degrade wood after the tree dies.
